This paper reports the effects of white water characteristics and forming wire parameters on wet process drainage. By employing a recently developed lab tester, the present investigation conducted drainage experiments of long (32 mm) fiberglass in polyacrylamide (PAM)-based white water with a real (commercial) forming fabric in position. The forming wires under investigation cover air permeability from 465 to 715 CFM and drainage index from 9.5 to 22.
Introduction
Drainage is one of the critical process variables in a wet process (the wet-formed glass mat process or the WFGM process). Wet process uses higher viscosity white water and operates at low slurry consistencies. Its drainage operation is usually more challenging than in a typical papermaking process, which is the primary reason that an inclined delta former, instead of a Fourdrinier machine, is normally used in a wet process to dewater fiberglass slurries.
Wet process drainage is a complex process depending on both the physical characteristics of a fiber slurry and the detailed structure of a forming fabric. The slurry characteristics encompass fiber content, fiber length and diameter, and white water chemistry, etc. The wire parameters may include at least air permeability and drainage index, etc. Since drainage has great influence on both the sheet properties [1] [2] [3] [4] and the mill performance, the paper industry has consistently devoted a great deal of resources to gain fundamental understandings in this area [5] [6] [7] [8] [9] [10] [11] [12] . Several experimental methods [6, 13, 14] have been developed to measure the drainage, or freeness, of papermaking furnishes, among which the Canadian Standard Freeness (CSF) test [14] is the most common one.
Though various lab drainage testers have been successfully used to characterize the drainage characteristics of papermaking furnishes, they are generally not applicable to the fiberglass slurries used in a wet process [15] . It is also worth noting that these lab drainage testers are limited to estimate only the drainage characteristics of furnishes and are not capable of evaluating the effects of forming wire parameters [15] . In reality, a drainage process is controlled by the combination of white water characteristics and the parameters of a forming fabric. Therefore, it would be very important to measure the drainage rate under the combined conditions of all these para-meters.
Recently, a wet process mimic device (WPMD) has been developed at the Owens Corning Science and Technology Center that is capable of measuring the drainage rate of wet process slurries with real (commercial) forming fabrics in position. The detailed information about the WPMD structure and developmental work can be found elsewhere [15] .
In the present investigation, the WPMD was used as a tool to study the effects of both fiberglass slurry characteristics and forming wire parameters on wet process drainage. The rate of drainage was measured under a simulated line speed and correlated to various parameters, such as, PAM concentration of white water, mixing effect, web basis weight, fabric air permeability and wire drainage index. The approaches used were very practical, and the reported results are expected to have close correlation to real wet process operations. Theoretical modeling of the drainage process is out of the scope of this paper, but might be addressed in the future.
Experimental

Apparatus
Drainage experiments were carried out using a wet process mimic device (WPMD) as shown in Figure 1 . The detailed structure and operation procedures of the WPMD were reported elsewhere [15] . Briefly, the WPMD consists of three stainless steel chambers and two functional blocks, the drainage functional block (DFB) and the fiber bleed-through functional block (FBTFB). As shown in Figure 1 , the three chambers are vertically arranged to create a gravitational flow field. The DFB block is positioned in between the top and middle chambers, while the FBTFB block connects the middle and bottom chambers together.
The DFB, the heart of this tester, is primarily composed of (1) a gate (or shutter), (2) a piece of 20 X 20 inch (51 X 51 cm) forming fabric mounted on a holder, (3) a movable "forming bed" (MFB) consisting of a series of supporting bars, ) in a gravitational field. In the present work, drainage experiments were not carried out at its maximum capability. Instead, a set of parameters on the WPMD were chosen so that wire A provided a pure water drainage rate of ~85 gpm/ft 2 . The rest of experiments were all conducted under these fixed conditions.
Forming Wires
As reported earlier [15] , one of the special features of this WPMD lies in its capabilities of measuring drainage rate using real (commercial) forming fabrics. In the present study, three commercial forming wires were selected (from three different suppliers) and some of the wire parameters were summarized in Table 1 . These wires have similar structures and all fall in the double layer category. But, their meshes, strand diameters and weaving patterns are very different from each other.
In Table 1 , the fiber support index (FSI) and caliper data were obtained from respective wire manufacturers. The AP(s) and the DI(s) are the specified air permeability in cubic feet per minute per square foot (CFM) and the specified drainage index, respectively. The wire samples were measured for air permeability at the Owens Corning Science and Technology Center before testing and the results were 715, 630 and 465CFM for wires A, B and C, respectively. Due to the changes in air permeability value, the corresponding drainage indexes were recalculated as 9.5, 17.8 and 21.1, respectively. In the section of Results and Discussion, the measured air permeability (AP) and the recalculated drainage index (DI), the data in the last two rows of Table 1 , were used to correlate to drainage.
To study the effect of wire parameters on drainage rate, 20 X 20 inch wire samples were installed into the DFB block for drainage testing, and all the comparisons were made under identical experimental conditions.
Materials
Drainage experiments were conducted with Owens Corning 786M 1.25 inch fiber, Cytec Superfloc A1885, and RhonePoulenc Rhodameen VP-532 SPB. The 786M is a chemically sized fiberglass with a mean diameter of 16 microns. The Superfloc A1885 is an anionic, high molecular weight polyacrylamide (PAM) and functions as a viscosity modifier. The Rhodameen VP-532 SPB is an ethoxylated fatty amine, a surface active molecule, and functions as a dispersant. In addition, a small amount of defoamer was also used to control foam and assist the experiments.
Drainage
It is known that the PAM viscosity modifier is sensitive to a shearing effect. The received PAM was first diluted to 0.5 wt.% and agitated for 30 minutes. The same batch of diluted PAM was used for the entire experimental work to avoid possible variations in raw material and in dilution procedure.
The drainage volume was fixed as 20 gallons (of pure water, or white water, or fiber slurry). For white water (without fibers) testing, 20 gallons of water was fed into the top chamber, followed by a predetermined amount of PAM and 5 drops of defoamer. The formulated white water was then agitated under specified experimental conditions before drainage.
A two step procedure, similar to a thick-thin stock procedure, was used in the preparation of fiberglass slurries. First, 10 gallons of water were charged into the top chamber, followed by 10 drops of dispersant and 5 drops of defoamer. Then, the mixer (agitator) was turned on and a pre-weighed amount of fiberglass was added immediately. In the meantime, a timer was started to record mixing time. After one minute of mixing, a predetermined amount of PAM was added, and additional water was fed to make up a total volume of 20 gallons.
While the slurry (or white water) being prepared, the movable forming bed (MFB) was set in motion at a desired speed, and other drainage parameters were also set at desired values. When the slurry was ready for testing, the gate (or shutter) was opened instantly and the drainage process began. The time duration of drainage was recorded and the average drainage rate was calculated based on the known parameters of the WPMD. In this work, a unit of gallons per minute per square foot forming area (gpm/ft 2 ) was selected for the rate of drainage. A dual-propeller mixer driven by an air motor was employed for agitation. The mixer was positioned at the center of the chamber with its lower and higher propellers 2 3/8" (6 cm) and 11 5/8" (29.5 cm) above the top surface of the forming fabric. The mixing (shearing) effect was controlled by the inlet pressure of compressed air to the air motor.
Viscosity
White water viscosity was measured with a Brookfield Model DV-II+ viscometer. Figure 2 shows the influence of polyacrylamide concentration on the drainage of white water (without fibers). All the white waters used in Figure 2 were mixed for 5 minutes with a compressed air setting of 28 psig. So, PAM concentration was the only variable, which ranged from 0 to 165 ppm with "0" representing pure water.
Results and Discussion PAM Effect
As indicated in Figure 2 , the presence of PAM significantly reduced the rate of drainage. For wires A and B, the drainage rate of pure water was ~83 gpm/ft 2 , and the presence of 66 and 165 ppm PAM has reduced the drainage rate by ~35% and 55%, respectively. For wire C, the presence of 66 and 165 ppm PAM has reduced the drainage rate of pure water by ~50% and 74%, respectively.
The presence of PAM also significantly reduced the drainage rate of fiberglass slurries as shown in Figure 3 . The nine data points used in the figure had a same consistency of 0.012%, and each slurry was agitated for 5 minutes with a pressure setting of 28 psig on the driving air motor.
Interestingly, the three wires responded similarly to the changes in PAM concentration. The drainage rate dropped sharply when the PAM concentration was increased from 10 to 65 ppm. As the PAM concentration was further raised to 165 ppm, the drainage rate continued decreasing, but with a much lower slope. [9] supported on the forming wire. It is obvious that the web thickness and its degree of compression will affect the rate of drainage. Since the primary focus of this paper is to deal with the practical aspects of drainage in wet process, the web effect on drainage rate was treated with respect to mat basis weight in pounds per hundred square feet (pounds/CSF).
Basis Weight
Three consistency values of 0.008%, 0.012% and 0.018% were purposely designed to study the web effect on drainage rate. These values, based on the particular parameters of the WPMD, correspond to the formed webs with "fiber basis weight" of 0.81, 1.30 and 1.86 pounds per hundred square feet (pounds/CSF), respectively. If a 19% of loss on ignition (LOI), a typical number for fiberglass roofing mats, is also accounted for, the three consistency values would correspond to the finished wet process mats with basis weight of 1.00, 1.60 and 2.30 pounds/CSF. In Figures 4 and 5 , drainage rate was plotted with respect to mat basis weight for the convenience of readers in the nonwovens industry. The fiberglass slurries used in Figure 4 were all prepared at a fixed PAM concentration of 165 ppm, and in Figure 5 at a fixed PAM concentration of 66 ppm.
As indicated in Figures 4 and. 5 , the rate of drainage was reduced as the basis weight was increased from 1.0 to 1.60 and 2.30 pounds/CSF. However, the degrees of change were different among the three wires. For example, at a fixed PAM concentration of 165 ppm (Figure 4) , the drainage line for wire A has the highest slope, the line for wire B is less steep, and the line for wire C has the lowest slope. As a result, wire B has reached comparable drainage rates to wire A at basis weights above 1.60 pounds/CSF, though its rate of drainage was ~20% lower than wire A at a basis weight of 1.0 pounds/CSF. Figure 4 also indicated that the difference in drainage rate between wire C and the others was gradually reduced as the increase in mat basis weight.
At a fixed PAM concentration of 66 ppm ( Figure 5 ), the same trend seemed to hold. Wires A and B had similar drainage rates at all three basis weights. Wire C, again, never reached comparable drainage rates to wires A and B, though the difference was gradually reduced as the basis weight was increased.
Shearing (Mixing) Effect
Figures 6 and 7 show that the PAM-based white water was very sensitive to shearing (mixing) effect. All the slurries used in the two figures had exactly the same composition: 165 ppm of PAM,~2 ppm dispersant,~1 ppm defoamer and a fiberglass consistency of 0.012%. The variations in drainage rate were caused solely by different shearing (mixing) history. In Figure  6 , all the slurries were prepared with a fixed mixing time of 5 minutes, but, mixing pressure on the air motor was varied from 14 to 60 psig. In Figure 7 , all the slurries were prepared with a fixed mixing pressure of 40 psig, but mixing time was varied from 5 to 200 minutes. Figure 6 indicates that, as mixing pressure was increased from 14 to 60 psig, the viscosity of white water was reduced slightly (from 2.5 to 2.24 cps,~10% reduction), however, the rate of drainage was increased by ~70%. Both wires A and B responded to the shearing effect similarly.
At a fixed mixing pressure of 40 psig, as illustrated in Figure 7 , the prolonged mixing dramatically increased the rate of drainage. As the mixing time was extended from 5 to 30, 67, and 200 minutes, the rate of drainage was increased bỹ 90%, 130% and 220%, respectively. In the meantime, the white water viscosity was reduced from 2.29 to 2.20, 2.05 and 1.78 cps, respectively.
In Figure 8 , all the data points in Figures 6 and 7 were combined and replotted against the viscosity of white water. It clearly indicates that the two sets of data (from Figures 6 and  7) followed a similar trend with respect to the white water vis- Figure 8 indicated that the strong mixing (shearing) effect has broken the PAM molecular structures, resulting in a reduction in flow resistance.
Forming Wire and Drainage
As mentioned earlier, wet process drainage is a filtration process and depends on both the characteristics of white water chemistry and the structures of a forming fabric. In the paper industry, air permeability (AP) and drainage index (DI) are the two parameters that are believed closely related to the drainage performance of a forming fabric. Air permeability is an experimentally determined value that measures the air flow rate in cubic feet per minute (CFM) per square foot of fabric.
Drainage index, as defined in Eqn. 1, is a calculated value [16, 17] that takes into account for both the structural parameters and air permeability of a forming fabric.
Where, AP is the air permeability in cubic feet per minute (CFM) per square foot, Nc is the CD (cross or transverse direction) mesh count, and b, as defined in Eqn. 2, is the CD support factor on the sheet side. Although drainage index is usually believed to be a more accurate prediction for the drainage capability of a forming fabric on a paper mill, there have been only a few reports [16, 17] that correlated the rate of drainage to drainage index. On the other hand, there have been no known reports that addressed how drainage index and air permeability of a forming fabric affect the rate of drainage in a WFGM process. The following discussion would provide some interesting results. Figure 9 is a plot of drainage rate versus the wire air permeability under various experimental conditions. The results shown in Figure 9 included pure water, white waters with different PAM concentrations, and fiberglass slurries at various consistencies. The legend "water" stands for pure water; the "WW" for white water with the last three digits representing the PAM concentration in parts per million; and the "X-Y" for a fiberglass slurry in white water, in which the first number, X, represents the mat basis weight and the second number, Y, the PAM concentration in parts per million. For instance, the legend "WW033" represents a white water with a PAM concentration of 33 ppm, and the legend "1. 
Air Permeability
fiberglass slurry that has a PAM concentration of 165 ppm and would form a mat of 1.60 pounds/CSF after being dewatered. Figure 9 indicates that for pure water and the white waters at various PAM concentrations, air permeability was a good prediction for the rate of drainage. The drainage line for pure water and the four lines for white waters (WW010, WW033, WW066, and WW165) all increased monotonically as air permeability was increased from 465 to 715 CFM, and drainage rate closely followed the air permeability of the forming fabrics.
For fiberglass slurries, however, the drainage responses were more complex, and air permeability seemed unable to predict the drainage rate of a forming wire. As shown in Figure 9 , the four drainage lines of 1.00-66, 1.60-66, 1.00-165, and 1.60-165 increased monotonically with the increase in air permeability. However. the other two lines of 2.30-66 and 2.30-165 first increased, but then decreased as the air permeability was raised. Also, most drainage lines of the fiberglass slurries tended to flatten out from AP 630 to 715 CFM, though they increased sharply as the AP was increased from 465 to 630 CFM. It seems true that the higher the mat basis weight and the higher the PAM concentration, the more likely the air permeability would fail to predict the rate of drainage.
It is also worth noting that in Figure 9 the entire line of WW010 and part of the line of WW033 are above the drainage line of pure water, meaning that a white water of 10 ppm PAM drained faster than pure water, and a white water of 33 ppm PAM drained faster than pure water with a coarse wire of air permeability above 600 CFM. This was due to the streamingline-forming characteristics of the polymer at very low concentrations [15, 18] , which facilitated the drainage process. Figure 10 shows the dependence of drainage rate on drainage index under various experimental conditions, and the legends used in the figure are exactly the same as those in Figure 9 .
Drainage Index
Drainage index is usually believed to be a more accurate prediction for drainage in the paper industry, because it characterizes both the sheet support (the b and Nc) and the initial flow resistance (the AP) of a forming fabric. However, Figure  10 indicates that drainage index failed to predict the rate of drainage in the WFGM process. It was expected that for the three fabrics used in this investigation, the drainage rate would monotonically increase with the increase in drainage index. As shown in Figure 10 , however, none of the drainage lines showed monotonic increase with drainage index. Some of the drainage lines decreased monotonically and the others increased first, but then decreased as the drainage index was increased.
There are no known answers at this time why the drainage ON DRAINAGE RATE index failed to predict the rate of drainage of fiberglass slurries. It is believed that the fundamental differences between the WFGM and the papermaking processes are among the probable causes, assuming that drainage index correlates well in a papermaking process. A paper furnish typically uses short cellulose fibers with high content particulate fillers at relatively high consistencies, while a wet process slurry usually consists of very long glass fibers with nearly zero percent particulate substances at very low consistencies. A high concentration of long molecular chain polyacrylamide in the white water also makes the wet process different from the papermaking processes. Johnson conducted [16] simulated experiments with fiber lengths of 1 to 4 mm and reported that [17] drainage was proportional to the fabric drainage index in a papermaking process. In this study, the input materials werẽ 100% 1.25 inch (~32 mm) glass fibers with no particulate additives at all. The PAM concentration was also higher than in a papermaking process.
Conclusion
Wet process drainage is a complex filtration process depending on both the characteristics of a fiberglass slurry and the structures of a forming fabric. By employing a recently developed wet process mimic device, a lab tester, the present investigation has successfully conducted drainage experiments of fiberglass slurries under simulated dynamic conditions with a real (commercial) forming fabric in position. The effects of wire parameters and white water characteristics were examined.
The drainage experiments have shown that in a typical polyacrylamide (PAM) white water, a higher PAM concentration significantly reduced the rate of drainage, presumably due to a higher viscosity. The PAM-based white water was also very sensitive to shearing (mixing) effect. So, an increase in input mixing energy, either by a higher mixing speed (RPM) or by a prolonged mixing time, has reduced the white water viscosity, and resulted in a substantial increase in wet process drainage.
Mat basis weight also had a strong impact on wet process drainage. Although an increase in mat basis weight has always reduced the rate of drainage, its influence was stronger on the wires with a higher air permeability and a lower drainage index than on the wires with a lower air permeability and a higher drainage index.
Another important conclusion of the study was that drainage index did not predict wet process drainage, and the main causes are believed to lie in the fundamental differences between the WFGM and papermaking processes.
This investigation has also showed that the correlation between air permeability and wet process drainage was complex. While the drainage rate of pure water and of the wet process white water (without fibers) correlated well to the initial flow resistance (the air permeability) of a forming fabric, for fiberglass slurries, however, the correlation failed under some circumstances. It is generally true that while air permeability may be used as an empirical parameter for light weight mats at lower PAM concentrations, the higher the web basis weight and the higher the PAM concentration, the more likely it would fail to predict wet process drainage
